Introduction
RNA interference (RNAi) of cellular processes by delivering small interfering RNA (siRNA) molecules to the cytoplasm, in order to knock down messenger RNA (mRNA) expression, may open an avenue for the development of highly specific therapeutic applications. [1] [2] [3] [4] [5] In particular, a recent study demonstrating first cancer cures by systemic delivery of siRNA in patients encourages further development of siRNA delivery strategies, eg, nanoparticle-mediated delivery. [6] [7] [8] Despite the availability of very efficient in vitro transfection agents, these are generally not applicable for in vivo oligonucleotide delivery. In light of the concerns that the fragile oligonucleotides utilized in RNAi suffer from, such as macromolecular form, high polarity, poor stability and low bioavailability in the physiological environment, it is critically important to develop efficient carriers that can load, retain, protect and release these oligonucleotides during the processes involving the related biomedical applications. However, well-controlled siRNA delivery remains challenging for many reasons. First, as siRNA-mediated target inhibition takes considerably longer time than direct small molecular targeting of Nanocarriers, especially mesoporous silica nanoparticles (MSNs), have the potential for meeting both the abovementioned challenges, as they encompass several characteristics that make them a suitable vehicle for the delivery of siRNA cargo. [12] [13] [14] In cellular systems, low toxicity and high uptake of MSNs have been well established in studies stemming from the past decade. 15 The ordered pore structure accompanied with the consequential high surface area and pore volume provides the nanocarriers with a high loading capacity 16 and offers efficient protection for the oligonucleotide cargo before reaching the point of release. 17, 18 Furthermore, MSNs may facilitate slow, sustained and controlled release 19 owing to their design flexibility that enables multifunctionality as well as allows for sequential release. 20 Consequently, a veritable explosion of research efforts has occurred in the area of siRNA delivery by MSNs.
Notably, one of the most significant development breakthroughs for MSN-based siRNA carriers in the past decade could be the successful transition in the particle-oligonucleotide interaction designs from adsorption on the particles' outer surface [21] [22] [23] [24] to loading into the mesopores. 18, 19, 25, 26 Apparently, the latter exhibits great advantages in the protection of siRNA from nucleases, as well as the enhancement of loading capacity by the pore space. The surface functionalization with organic cationic linkers from small aminopropyl groups 6 to large polycations, such as poly(ethyleneimine) (PEI), 27 poly-l-lysine (PLL) 26 and poly(2-dimethylaminoethylmethacrylate) (PDMAEMA), 25 was generally involved to enhance the interaction between pore surfaces and siRNA molecules by shielding the influence from the negatively charged silanol groups. Meanwhile, remarkable progress in the cationic surface functionalization was made by a change from physical polycation adsorption 28 to covalent grafting, 26, 27 in light of the benefits in increasing the siRNA-accessible cationic groups and reducing the potential toxicity of cationic polymers. 29, 30 Another clear trend in research efforts of employing large-pore (.10 nm) MSNs for accommodating polycations (molecular weight [MW] less than several kilodaltons) has emerged in the aforementioned studies, most likely related to the concerns in pore diameter reduction after pore surface grafting. However, it is questionable whether large pores can generate sufficient binding affinity for the negatively charged oligonucleotide, considering that siRNA molecules possess a rigid cylindrical-shaped conformation with a length of ~5 nm and a diameter of ~2.3 nm. 18 A higher mobility for shorter 20-bp oligonucleotides inside large mesopores (7-9 nm) was previously demonstrated by the method of fluorescence recovery after photobleaching. 31 Hence, a side-by-side adsorption of RNA molecules may be feasible by the large size of the entrance pores. Furthermore, it is hypothesized that proper smaller pore sizes would allow for a closer intimacy between the phosphate groups of siRNA and the cationic species on the pore surfaces via sufficient binding sites from geometrical and/or curvature fitting. 32, 33 In this case, the pore diameter is close to the hydrodynamic radius of siRNA, and a single-file diffusion is more likely to occur.
Inspired by the concept of geometrical matching of pore size and molecular dimensions of siRNA for pursuing efficient utilization of surface cations at the expense of lower toxicity, one of our previous studies has demonstrated that MSNs with pore sizes ranging from 3.5 to 5.0 nm and a high density of amine-terminated organic linkers (one linker per 3.3-3.7 nm 2 ) can achieve high loading capacity of a 21-bpsized model DNA oligos (190 mg⋅g −1 ) at low N/P ratios (the element ratios of nitrogen to phosphorus in the particles loaded with DNA oligos) ranging from 0.7 to 1.0 inside the functionalized mesopores. 34 Moreover, cleavable linkers bearing an amino-group end and a labile disulfide bond in the spacer arm could provide a sustained switching of the affinity between the surface functions and short oligonucleotides inside the mesopores. 34 However, as a proof-of-concept study, the system did not take into account the requirement of functional entities for a practical siRNA delivery. Moreover, the density of surface amino groups was limited on the pore surface, resulting from the co-condensation approach utilized for functionalization. Therefore, incorporation of certain polycationic modalities, such as PEI, into MSNs is needed to improve their transfection capability. In this regard, our previous studies using surface-hyperbranching polymerized PEI by a "grafting from" approach 35, 36 has demonstrated great potential of inducing efficient cell uptake and endosomal escape. 12, 37 Meanwhile, the risk of potentially associated toxicity can be well circumvented by the hyperbranched structure of less than three to four generations on the external surface and one generation on the pore surface of MSNs. 38 In this report, we convey the benefits of the abovementioned amine-terminated organic linkers in constructing MSN-hyperbranched PEI hybrid nanoparticles for 
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stimuli-responsive MsN nanocarriers for sirNa delivery intracellular delivery of siRNA. Organic surface linkers bearing an amino-group end and a cleavable disulfide bond in the spacer arm were grafted onto MSNs with an average pore size of 4.9 nm via surface-hyperbranching polymerized PEI (Scheme 1). To further enhance the cell uptake and endosomal escape of the nanocarriers, hyperbranched PEI with a low MW of 1,300 Da was grafted on the exterior surface of the siRNA-loaded MSN-PEI-linker particles (Scheme 2). Facilitated by the underlying hyperbranched PEI and the efficient proximity of siRNA on the pore surface, a sustained cleavage of external PEI and internal linkers was realized, leading to an enhanced intracellular uptake, endosomal escape, as well as a slow, sustained (up to 96 h) and controlled release of functional siRNA in vitro. Consequently, we found it is crucial to incorporate such convertible physicochemical properties, particularly in response to intracellular stimuli, into MSN carriers in order to achieve desired oligonucleotide delivery to ultimately generate the desired biological and therapeutic effects.
Materials and methods

MsN nanocarrier synthesis and functionalization
PEI-modified MSN particles were synthesized according to a procedure previously reported by us. 34 MSN particles bearing the cleavable surface linkers were prepared via succinylation of the surface amines followed by a conjugation step where disulfide-containing and amine group-terminating linkers (cystamine) were covalently coupled. 34 In a typical process, 6 mg of the MSN-PEI particles were suspended Scheme 1 schematic representation of the construction of cleavable organic linkers on MsN surfaces through surface-hyperbranched PeI. Abbreviations: MsN, mesoporous silica nanoparticle; PeI, poly(ethyleneimine).
Scheme 2 schematic representation of the sirNa loading, particle surface grafting of exterior PeI, as well as the sirNa release process. Abbreviations: MsN, mesoporous silica nanoparticle; BPeI, branched poly(ethyleneimine); sirNa, small interfering rNa; DTT, dithiothreitol; gsh, glutathione.
International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com
Dovepress
6594
Prabhakar et al in 6 mL of anhydrous ethanol and sonicated for 10 min to homogenize the suspension. Subsequently, 60 mg of succinic anhydride was added to the suspension, and the mixture was stirred at room temperature (RT) for 2 h. Finally, the carboxyl acid group-modified particles (MSN-COOH) were recovered from the suspension by centrifugation at 9,000 rpm for 15 min. The final product was washed with ethanol three times and redispersed in 2 mL MES buffer (20 ) was added dropwise to the suspension. The reaction was continued at RT overnight, and the product (MSN-PEI-linker) was retrieved by centrifugation followed by washing with ethanol. Material characterization was carried out according to the previous work by us. ). Subsequently, the mixture was homogenized by continuous vibration at RT for 6 h. The DNA-loaded MSN-PEI-linker particles were separated by centrifugation, and the supernatant was collected. The amount of siRNA/DNA adsorbed by MSN-PEI-linker was calculated through the concentration difference in the supernatant before and after the adsorption at a wavelength of 260 nm using a UV-Vis Spectrophotometer (NanoDrop 2000c; Wilmington, Thermo Scientific, USA).
To enhance the cell uptake and endosomal escape of the nanocarriers, hyperbranched PEI (BPEI) with an MW of 1,300 Da was post-encapsulated/conjugated on the exterior surface of the siRNA/oligo DNA-loaded MSN-PEI-linker particles. First, siRNA/oligo DNA-loaded MSN-PEI-linker particles were washed with ethanol three times and redispersed in 0.3 mL of ethanol. During the washing step, there was no release of siRNA/oligo DNA due to the high polarity of nucleic acids. Then, 18 μL of N,N′-disuccinimidyl carbonate (DSC) solution in DMF (4 mg⋅mL −1 ) was added under sonication, and the suspension was shaken for 20 min. Subsequently, 200 μL of PEI solution in ethanol (15 mg⋅mL ) was added, and the suspension was mixed for 2 h. Finally, the product was retrieved by centrifugation and washed with ethanol two times. 
cytotoxicity analysis
The cytotoxicity of MSN nanocarriers (without siRNA) was evaluated using WST-1 cell viability assay (Roche Diagnostics, Mannheim, Germany). A total of 10,000 MDA-MB-231 cells per well were grown in a 96-well plate in DMEM (10% fetal calf serum [FCS] , 1% amino acids, 1% penicillinstreptomycin) and incubated overnight to adhere. Then, MSN nanocarriers were sonicated for 15 min and added to 1 mL of pre-warmed (37°C) growth medium at three different fivefold increasing concentrations of 2 μg, 10 μg and 50 μg. Then, the growth medium containing particles was further sonicated for 15 min. The growth media of cells in 96-well plates were replaced with media containing three different concentrations of MSN nanocarriers. A 5 μM of staurosporine (toxin) was added as a positive control, whereas negative control cells were untreated (pure cell media only). After incubating the particles for time points from 24 h to 72 h at 37°C, 5% CO 2 , 10 μL of WST-1 cell proliferation reagent (Roche Diagnostics) was added to the wells containing 100 μL of cell growth media, and the plate was again allowed to incubate for 3 h at 37°C, 5% CO 2 . After incubation period, the absorbance was read at 430 nm by Tecan Ultra microplate reader (MTX Lab Systems, Inc.). The number of viable cells was correlated with the observed absorbance from each individual sample. cellular uptake (by confocal microscopy) 
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stimuli-responsive MsN nanocarriers for sirNa delivery multi-photon excitation was used for Hoechst (nuclear) dye. FITC-conjugated MSN nanocarriers were excited by argon laser at 488 nm, and emission from MSN nanocarriers was collected between 510 nm and 540 nm. Ti-sapphire femtosecond pulse excitation at 740 nm was used for Hoechst nuclear dye. The Hoechst emission was constantly collected in the blue wavelength range. MDA-MB-231 cells were grown as described earlier at 60%-70% confluent over coverslips. A 20 μg⋅mL −1 of MSN nanocarriers conjugated with FITC was prepared in 1 mL of cell growth media. The particles were sonicated and vortexed to allow proper de-aggregation of particles, if occurring. Then, the cell media with particles were added to cells growing over coverslips. After incubation for 24 h and 48 h, the medium was removed and cells were washed 1× with phosphate-buffered saline (PBS). Cells were then fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature. After 10 min, cells were washed 3× with PBS. Hoechst nuclear dye was added to fixed cells along with mounting media to stain the nucleus. 
Cellular uptake (by flow cytometry)
sustained sirNa release and intracellular colocalization
To monitor the intracellular trafficking and siRNA release, FITC-conjugated MSN nanocarriers were loaded with fluorescently labeled Alexa 555 siRNA (42 nM final siRNA concentration, BLOCK-iT™ Alexa Fluor ® Red Fluorescent Control; Life Technologies). BLOCK-iT Alexa Fluor Red Fluorescent Control is used as a positive transfection control. 39 The FITC-MSN nanocarrier and Alexa 555 siRNA complexes were incubated with MDA-MB-231 cells for live cell confocal imaging. The microscopy setup consisted of Leica TCS SP5 STED, LASAF software (Leica application suite), PMT and 63× water objectives. The cells were maintained at 37°C, 5% CO 2 , during the microscopy. FITCconjugated MSN nanocarriers were excited by argon laser at 488 nm, and for Alexa 555, HeNe diode laser was used at 561 nm, and emissions were collected between 510-540 nm and 570-610 nm. Image analysis for co-localization was performed over 10 images per time point (N=10) with ImageJ, and co-localization of FITC/Alexa 555 analysis was performed with Volocity ® 3D Image Analysis Software (PerkinElmer). 40 
siRNA transfection efficiency
The transfection efficiency of MSN nanocarriers was performed with different complementary techniques (live cell monitoring of colony growth, colony counting with crystal violet staining and WST-1 cell viability assay). Evaluation and optimization of siRNA delivery by MSN nanocarrier were performed with AllStars Hs Cell Death Control siRNA (Qiagen). AllStars Hs Cell Death Control siRNA is a blend of potent siRNAs targeting genes crucial for cell survival. The AllStars Hs Cell Death Control siRNA is used as a positive transfection. [41] [42] [43] [44] [45] A total of 25,000 MDA-MB-231 cells were added to two 24-well plates; one 24-well plate each for long-term monitoring of colony growth by live cell imaging with IncuCyte ZOOM ® (Essen Instruments, Ann Arbor, MI, USA). 46, 47 MSN nanocarriers were loaded with 10 wt% AllStars Hs Cell Death Control siRNA, and finally, 50 nM concentration was added to MSN nanocarrier samples. Equivalent (50 nM concentration) of AllStars Hs Cell Death Control siRNA was prepared with Lipofectamine ® RNAiMAX (Invitrogen, Thermo Scientific, MA, USA) and added to respective samples as a positive control for transfection efficiency. A 5 μM concentration of staurosporine was added to positive control samples for cell death. Negative control samples were untreated. After 120 h, WST-1 was added to the first 24-well plate to quantify the surviving cell population, while the second 24-well plate was used for crystal violet staining. Cell medium was removed, washed 1× with PBS and fixed with 4% PFA for 10 min at RT. A 0.2% crystal violet solution in 10% EtOH was added to each well for 20 min to stain the cell colonies; 3× wash with PBS was used to remove unbound dye from cells. Finally, the 24-well plate was imaged and surviving cell colonies (N=4, four wells for each treatment) were counted by ImageJ plugins (Figures S1 and S2) "Cell Counter" and "ColonyArea", which automatically quantify the colony growth area and intensity percentage. 
Results and discussion
MsN nanocarrier preparation and characterization
As a starting material, amino-functionalized MSNs ("MSN-NH 2 ") were prepared according to our previously published 
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Prabhakar et al protocols. 34 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the MSN-NH 2 particles are shown in Figure 1A and B. Uniform spherical particles were observed with an average diameter of 70 nm and radially aligned mesopores. Amino groups were modified onto the particle surface by a co-condensation approach to facilitate an efficient surface polymerization of PEI. TEM image of MSN-PEI particles stained with osmium ( Figure 1C ) clearly reveals the reduction in the contrast of the mesopores by the presence of a large amount of scattered black dots, implying hyperbranched polymers on both the exterior particle surface and the interior mesopore surface.
The construction of MSN particles bearing cleavable surface linkers was conceived on the basis of the abundant primary amines obtained in MSN-PEI (Supplementary materials). In order to confirm that the spatial dimension after these modifications still meets the requirements of siRNA loading, the textual properties of the nanocarriers were examined by nitrogen sorption. The typical nitrogen adsorption-desorption isotherms for MSN-NH 2 , MSN-PEI and MSN-PEI-linker confirmed the porous nature of the particles ( Figure 1D Figure 1E ) but decreased slightly after linker modification (4.5 nm; Figure 1E ). The pore size of MSN-PEI-linker is identical to MSN-NH 2 with the same linker modification that was used for loading oligonucleotides in our previous study. 34 The mechanism behind the phenomenon is that the spatially restricted mesopore environment involves pronounced restrictions by the surface-hyperbranching polymerization method in solvent, and in turn, the hyperbranching inside the nanopores stops after one generation. 25, 36 This only contributes to the increment of aminoethyl group density on the pore surface (from 0.5 mmol⋅g protruding thick polymer layers that might cause a decrease in the pore size. Consequently, the surface-hyperbranching polymerization holds the biggest advantage for anchoring high-density amino groups inside small pores, 36 as compared with previous "graft to" strategy where polycations can only be functionalized on large-pore MSNs. 26, 27 Organic surface linkers bearing amino-group ends and a cleavable disulfide bond in the spacer arm were thus functionalized onto the MSN surfaces by successive covalent modification steps. As shown in Figure 1F , MSN-PEI particles possess a zeta potential of +30 mV that remarkably decreased to −31 mV after succinylation, because of the derivatized carboxyl acid groups. However, after the conjugation of disulfide-containing cystamine molecules, the surface charge of the particles converted back to positive (+25 mV), resulting from the terminal amino groups. These amino groups on the surfaces are the main binding sites for siRNA, considering that siRNA adsorption in our system involved a direct electrostatic interaction between the cationic amino end groups and the oppositely charged phosphate groups on oligonucleotide molecules.
Using oligo DNA with a length of 21 bp (5′-CTGTG GTTGTGTTTGCACTTT-3′ with 3′ TT-overhangs) as a model before siRNA evaluations, the loading capacity of this oligo DNA in MSN-PEI was evaluated by measuring the adsorbed oligo DNA amount in MES buffer (pH 5). , when the initial concentrations in the absorption solution were .0.15 mg⋅mL −1 . Two similar plateaus (−16 mV, −30 mV) were also found in the zeta potential comparison of the particles from the loading solution, as shown in Figure 2B . The onset of the first plateau can be interpreted as the saturated adsorption of oligo DNA in the mesopores, according to our previous studies. 34 However, the second plateau might be related with the strong complexing and packing ability of oligo DNA by the secondary and quaternary amines of hyperbranched PEI (three to four generations) located on the exterior surface of MSN-PEI-linker. Considering the stronger protection of siRNA from degradation in mesopores, a lower initial concentration of oligo DNA/ siRNA (0.15 mg/mL) was used in the subsequent studies. To enhance the cell uptake and endosomal escape of the nanocarriers, hyperbranched PEI with a low MW of 1,300 kDa was grafted on the exterior surface of the oligo DNA-loaded MSN-PEI-linker particles. By increasing the employed amount of PEI 1,300 (0.3-4.8 mmol⋅g −1 with respect to the mass of the MSN-PEI-linker particles), the zeta potential value of the particles shifted from negative (−16 mV) to strongly positive (27 mV) as depicted in Figure 2C .
Zeta potential can be regarded as a physical indicator of charging on both the external particle surface and the internal pore surface with the uniform distribution of functional groups. To test the ability of the designed linkers to be cleaved from the surface of MSN-Linker-Cys particles in a redox-responsive manner, the measurements of the zeta potential as a function of time were carried out in the presence of a reducing agent (DTT, Dithiothreitol). As revealed in Figure 2D , the zeta potential was only slightly changed in the absence of the reducing agents for MSN-PEI-linker particles and MSN-PEI-linker particles post-grafted with PEI (MSN-PEI-linker-PEI), demonstrating high stability of the surface functions when particles were suspended in an aqueous solution. In the presence of 10 mM DTT, a rapid decrease of the zeta potential from +25 mV to −12 mV within 120 min was observed for MSN-PEI-linker. However, it took .720 min for MSN-PEI-linker-PEI to reach a reduced zeta potential approaching zero. This indicates an effect of the particle surface-grafted PEI on a more sustained breakage of the disulfide bond in the organic linkers. Once the surface linkers of the MSN-PEI-linker particles were cleaved by the reducing agent, the thiol group terminated surface functions repelled DNA and, consequently, resulted in DNA release.
Cumulative DNA release profiles in HEPES buffer (pH 7.2) were obtained and are displayed in Figure 2E . A slight burst release of DNA (5%) was observed for DNA-loaded MSN-PEI-linker-PEI particles, and slow cumulative release was found up to 144 h. Interestingly, the introduction of the reducing agent led to an appreciably faster and more efficient time-dependent release of oligo DNA over the whole release period. Over 15% of the loaded oligo DNA was released in the beginning in the presence of 10 mM DTT, and the release ratio went up to ~80% after 144 h of incubation. The amount of burst release was suppressed by adding a capping layer of PEI, as was also observed in our earlier study; albeit in which case, the capping layer consisted of PEG chains, which do not promote endosomal escape of cargo. multiple studies. 15, 44, 45 In polycation-based polymer nanocarriers, the molar ratio of amines in the polymer backbone to phosphates in the nucleic acid (N/P ratio) determines the maximum payload of cargo. A high N/P ratio of 4.5-135 may thus be associated with a risk of toxicity induced by the amines. In MSN-based delivery systems, it was shown that a low N/P ratio ranging from 0.7 to 1.0 inside the functionalized mesopores is sufficient to retain the siRNA molecules due to better bond coordination. Cell viability test was performed with a toxin, staurosporine, as a positive control. 49 The cell viability compared to the toxin demonstrated the cytocompatability of MSN nanocarriers at different concentrations (2 μg⋅mL ), the viability was similar to that of negative control cells, while low or minimal cytotoxicity was observed with higher dose of nanocarriers (50 μg⋅mL −1 ). This confirms that the functionalized MSNs have low impact on cell viability by themselves. The higher concentration of nanocarriers is proportional to higher PEI dose, and PEI at higher doses has shown cellular toxicity ( Figure S1 ). 50, 51 Consequently, for all the following cellular experiments, we used particle concentrations equal to 20 μg⋅mL −1 or lower.
cellular uptake of MsN nanocarriers
The cellular uptake of nanomaterials remains a primary concern and prerequisite for any efficient imaging, drug or gene delivery system. PEI functionalization has been used due to its positive charge as an effective transfection agent to deliver DNA/siRNA ( Figure S2 ). [52] [53] [54] To establish the uptake efficacy of our system, we used a concentration of 20 μg⋅mL −1
for MSN-PEI-linker-PEI nanocarriers labeled with FITC (without siRNA). MSN nanocarriers were added to MDA-MB-231 cells, and cellular uptake was evaluated after 24 h and 48 h of incubation using qualitative analysis (confocal microscopy). Flow cytometry was also used to quantify the relative uptake. Confocal microscopy revealed that most of the cells had endocytosed MSN nanocarriers ( Figure 4A -E) after 24 h. The fluorescence signal from MDA-MB-231 cells also shows that no MSN nanocarriers were observed inside the nucleus. In general, MSN nanocarriers remained widely spread throughout the cytoplasm and some aggregation was also observed ( Figure 4D -E) that might implicate their endosomal localization in the cells.
At 48 h incubation time, there was less overall distribution of MSN nanocarriers. At this time point, most MSN nanocarriers were aggregated or observed to be strongly confined in the cytoplasmic space ( Figure 4F-J) . This would suggest endosomal localization of the MSN nanocarriers prior to decomposing. There was no significant increase in cellular uptake after 48 h, as judged by the microscopical analysis ( Figure 4 ). Taken together, in the MDA-MB-231 cells, the uptake of MSN nanocarriers was efficient and took place primarily during the first 24 h. Subsequently, the MSNs were clustered together in endosomal compartments.
Flow cytometry was performed to quantify the observed uptake utilizing a larger population of MDA-MB-231 cells and to compare the uptake efficiency with respect to time. The analysis was performed on a population of live cells ( Figure 5A ) with fluorescence-assisted cell sorting (FACS). The uptake of MSN nanocarriers is shown as a peak shift of the average fluorescence signal (Figure 5B-E) . The cells incubated with MSNs can be clearly distinguished from the unlabeled control cells ( Figure 5E ). These results validate efficient cellular uptake of MSN nanocarriers after 24 h incubation and further show that almost all the cells had taken up MSN nanocarriers (24 h and 48 h). The PEI-induced positive charge has been reported previously as boosting cellular uptake. Therefore, the small MSN nanocarriers (~70 nm) along with additional high positive charge were capable of efficiently permeating across the cell membrane. Parameters such as targeted delivery, long circulation time, slow sustained release and surviving the low-pH, acid-activated enzymes in the endosome are key limiting steps in intracellular siRNA delivery and need to be addressed to realize the full potential of RNAi in therapeutic applications. [55] [56] [57] Understanding the events taking place after endocytosis of MSNs and before release of siRNAs to the cytoplasm and overcoming these barriers are vital for the performance of MSN nanocarriers 58 and overall gene silencing efficiency. [59] [60] [61] [62] We chose to study the siRNA release from MSN nanocarriers and its endosomal release mechanism at an individual cell level using live cell confocal microscopy. We labeled MSN nanocarriers with FITC (green) and loaded them with fluorescent red-labeled (Alexa 555) siRNA as a positive control for transfection and tracking of release from MSN nanocarriers. Furthermore, quantitative co-localization of the fluorophore colors was performed (green and red). Live cell imaging started immediately after the addition of greenlabeled MSN nanocarriers loaded with red-labeled siRNA to MDA-MB-231 cells. Cellular internalization of MSN nanocarriers was observed during the first 0-2 h of transfection, showing the MSN nanocarriers were rapidly internalized. We observed yellow fluorescent signals from the particles loaded with siRNA, both internalized as well as outside the cells ( Figure 6A ). This indicates that no significant level of premature release or leaching of siRNA was observed from MSN nanocarriers, neither intracellularly nor extracellularly. High co-localization was observed at 0-2 h (Figures 6A and 7) , which also indicates that MSN nanocarriers were efficiently loaded with siRNA. The disulfide-containing cystamine linkers can be cleaved in a redox-responsive manner. The visualization of cells at 24 h in Figure 6B suggested that most of the loaded siRNA were largely retained within MSN nanocarriers. With the localization of the siRNA molecules Figure 6B ). However, these dots were characteristically different from co-localized yellow dots and remained few in number. The partial release was mostly observed during live cell imaging at 48 h ( Figure 6C ), yet most of the observed cells contained MSN nanocarrier-siRNA composites intact in the endosomes.
The co-localization of MSN nanocarriers and siRNA at 24 h suggests that internalized particles had not yet released their cargo, which was also consistent with our earlier result ( Figure 2E ). The degree of co-localization was determined to be 0.25 for 48 h live cell imaging (Figure 7) , which indicates release of fluorescently labeled siRNA from the MSN nanocarriers. We observed the progressive increase in distinct red dots (Alexa 555 siRNA) and diffuse red staining in the cytoplasm, and furthermore, we observed a significant number of intense green dots (MSN nanocarriers) at separate locations inside the cells (Figures 6 and 7) . Both of these observations can be interpreted as partial release of siRNA from MSN nanocarriers. A majority of the MSN nanocarriers in cells can be seen entrapped in endosome-like structures after release of the cargo (Figure 6C-F) . However, the presence of co-localized MSN nanocarriers and siRNA in the cells, despite slow release, persisted until the end of the observation at 72 h live cell imaging, suggesting that all 
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Prabhakar et al the siRNA content had not been released at this time point. This implies that long-term sustained release and protection of loaded siRNA can be achieved by MSN nanocarriers at least up to 72 h after transfection.
Moreover, at 96 h ( Figure 6E-F) , it was apparent that all cells or all MSNs do not exhibit similar synchronized release of siRNA visualized by localization of red fluorescence. Some cells exhibit more efficient release, while in other cells, less release of siRNA was observed. Neither do all MSNs within the same cell release their cargo at any specific time point. We observed the red staining to be more diffuse as compared to green, suggesting siRNA localization in cytoplasm or nucleus after the release (Figure 6C-F) . This observation can be correlated with our finding with the release behavior of MSN nanocarriers in HEPES buffer (pH 7.2) ( Figure 2E ) and suggested that the MSN nanocarriers were capable of slow and sustained release of siRNA inside cells.
Functional assay for the delivery of biologically active sirNa by the constructed MsNs
We next evaluated the RNAi in a functional experiment using a cell-killing siRNA (AllStars Hs Cell Death Control siRNA). As investigated earlier, the co-localization analysis suggested that the optimal release of siRNA from MSN nanocarriers can be achieved during 72-96 h. Therefore, an ideal timeframe for achieving efficient gene knockdown would be 100-120 h, or even longer. The employed cell-killing siRNA has been used previously as a positive control for transfection. [41] [42] [43] [44] [45] The aim of the experiment was to investigate transfection efficiency of MSN nanocarriers in MDA-MB-231 cells; therefore, we used a very general siRNA transfection approach rather than selecting some specific cellular target. The transfection efficacy was benchmarked against a commercial transfection agent, Lipofectamine RNAiMax, as a positive (cell death) control. It is a widely used in vitro transfection agent, and it has excellent transfection efficiency at in vitro level. The cells were transfected with 50 nM of cellkilling siRNA with both Lipofectamine and MSN nanocarriers, as well as 5 μM concentration of staurosporine used as toxin. The results from both different experimental analyses were used for MSN nanocarriers RNAi efficiency evaluation. We conducted a 120 h live cell imaging experiment to establish the time-dependent transfection efficacy ( Figure 8A ). The cells treated with staurosporine were dead shortly after addition of the toxin, while non-treated negative control cells reached almost 100% confluence ( Figure 8A-C) . Transfection with MSN nanocarriers and Lipofectamine, both loaded Figure 8A ). Furthermore, we conducted two end point cell viability assays at 120 h; crystal violet staining ( Figure 8B ) and WST-1 assay ( Figure 8C ). In the WST-1 assay, the MSN nanocarriers and Lipofectamine control had nearly equal efficacies, and in the crystal violet staining, the difference was nonsignificant. This could establish the versatility of MSN nanocarriers toward a general in vivo transfection agent, which can be further applied with a broad spectrum of other types of siRNAs. The experiments were designed to provide both qualitative and quantitative transfection efficiency of MSN nanocarriers. Therefore, we included different sets of experiments (live cell growth monitoring, WST-1 cell viability assay and crystal violet staining for direct visualization of colony growth comparison) to properly investigate the knockdown efficiency ( Figure 8 ).
Taken together, the live cell imaging, WST-1 and crystal violet staining results demonstrated that the MSN nanocarriers were efficient delivery vehicles for RNAi ( Figure 8A-C) . The measurements by different techniques provide a broader understanding of the knockdown efficiency of MSN nanocarriers. However, intensity percent calculations were performed with the same crystal violet data, showing that differences in the intensity of MSN nanocarrier-treated cells were remarkably close to the commercial transfection agent ( Figures S3 and S4) . Consequently, based on these results, obtained with all different techniques, the gene knockdown trend remained the same under the in vitro conditions investigated. The next step for the MSN system is in vivo delivery, which is not applicable for Lipofectamine and other in vitro transfection agents. All in all, it can be summarized that the developed MSN nanocarriers were efficient for cellular uptake, non-toxic, provided a slow sustained intracellular release and an overall promising knockdown efficiency, all of which will prospectively enable more efficient in vivo gene silencing for improved RNAi therapy.
Conclusion
By integrating the advantage of MSN and hyperbranched PEI in siRNA delivery, a novel organic-inorganic hybrid nanocarrier system with a sub-100 nm diameter was successfully developed for RNAi. Facilitated by surface-hyperbranching polymerization, the surfaces of MSNs were grafted with a high density of amino groups, which resulted in an appropriate pore size of 4.5 nm, as well as easier construction of cleavable organic linkers for the payload of siRNA molecules with high affinity (120 mg⋅g −1 ) in the mesopore space. Subsequent conjugation of low MW PEI on the exterior surface as a capping layer led to more stable encapsulation of siRNA, as well as enhanced intracellular uptake and endosomal escape of siRNA-loaded particles. A slow, sustained (up to 96 h) and controlled release of functional siRNA was revealed intracellularly by tracking the co-localization of the nanocarriers and the cargo in live cells. Promising long-term gene knockdown efficiency was demonstrated by intracellular delivery of cell-killing siRNA to MDA-MB-231 cells. Given the efficient retention of siRNA within the protective environment provided by the mesoporous space at extracellular conditions, followed by endosomal escape and a sustained intracellularly triggered release of siRNA, the developed system incorporates the desired properties suitable for in vivo siRNA delivery. In summary, this study may bring new understanding and insights of host-guest interactions into the application of porous nanocarriers for long-term siRNA delivery.
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The total amount of accessible primary amines on MSN-PEI was 1.467 mmol⋅g −1 as determined by a ninhydrin test. 1 The loading amount of oligo DNA in the particles reached 120 mg⋅g −1 (0.0086 mmol⋅g −1 ) containing 0.36 mmol⋅g
phosphate groups of DNA. The oligonucleotides were loaded primarily in the mesopores by interaction with the amine groups. Consequently, the N/P ratio was calculated to be ~4.1.
Figure S1
In vitro cell viability of MsN and MsN-PeI nanoparticles performed with WsT-1 assay. Abbreviations: MsN, mesoporous silica nanoparticle; PeI, poly(ethyleneimine). 
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